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The frequency of gonadotropin-releasing hormone (GnRH) pulse secreted from the hypothalamus diﬀerently regulates the
expressions of gonadotropin subunit genes, luteinizing hormone β (LHβ) and follicle-stimulating hormone β (FSHβ), in the
pituitary gonadotrophs. FSHβ is preferentially stimulated at slower GnRH pulse frequencies, whereas LHβ is preferentially
stimulated at more rapid pulse frequencies. Several signaling pathways are activated, including mitogen-activated protein kinase
(MAPK), protein kinase C, calcium inﬂux, and calcium-calmodulin kinases, and these may be preferentially regulated under
certainconditions.Previousstudies demonstratedthatMAPKpathways,especiallytheextracellular signal-regulated kinase(ERK),
play an essential role for induction of gonadotropin subunit gene expression by GnRH, whereas, MAPK phosphatases (MKPs)
inactivate MAPKs through dephosphorylation of threonine and/or tyrosine residues. MKPs are also induced by GnRH, and
potential feedback regulation between MAPK signalingandMKPswithintheGnRH signalingpathwayisevident ingonadotrophs.
In this paper, we reviewed and mainly focused on our observations of the pattern of ERK activation and the induction of MKP by
diﬀerent frequencies of GnRH stimulation.
1.Introduction
Reproductive functions in mammalians are regulated largely
bythegonadotropins,luteinizinghormone(LH)andfollicle-
stimulating hormone (FSH), from anterior pituitary gona-
dotrophs, which are also involved in sex steroid hormone
synthesis, folliculargrowth,andoocytematuration[1].Gon-
adotropins LH and FSH contain α and β subunits, and
the α subunit is common to both gonadotropin hormones,
whereas the β subunits diﬀer from each other and confer
speciﬁcity to the gonadotropin hormones [2]. Gonadot-
ropins LH and FSH are mainly under the control of the
hypothalamic peptide, gonadotropin-releasing hormone
(GnRH),whichisreleasedintothehypophysealportalvascu-
lar system [3].
GnRH is released from hypothalamus in a pulsatile man-
ner, in which the pulse pattern varies physiologically as a
function of hormonal status and reproductive cycle stage
[4, 5]. In a study using primate model, Knobil demonstrated
that pulsatile secretion of GnRH, but not continuous, was
essential to maintain normal LH and FSH secretion. Con-
tinuous GnRH stimulation resulted in a decrease of LH and
FSH due to the downregulation of the gonadotrophs [6].
Moreover, the frequency of GnRH pulses plays a critical role
in determining theoutputofLHand FSHfrom thepituitary;
that is, more rapid frequencies of GnRH pulses increase
the secretion of LH, whereas slower frequencies result
in a decrease in LH secretion but a rise in FSH secretion
[7]. In addition, changes in the frequency of GnRH pulse
signals have been shown to diﬀerently regulate gonadotropin2 Journal of Signal Transduction
subunit gene expression. LHβ gene expression is maximally
stimulated by a GnRH pulse of 30min interval, whereas
FSHβ gene expression is optimally stimulated by a slower
GnRH pulse frequency every 2h [8–11]. GnRH speciﬁcally
controls LH and FSH secretion and also regulates LHβ and
FSHβ subunit gene expression by changing its pattern of
secretion to gonadotrophs. However, at present, how GnRH
pulse frequency determines the speciﬁcity of gonadotropin
subunit expression still remains unclear.
2.IntracellularSignal Transductionby
GnRHStimulation
The GnRH receptor is a member of seven-transmembrane
G-protein-coupled receptor family. The initial phase of
GnRH action involves Gq-protein-mediated stimulation
of phospholipase C, leading to the formation of 1,4,5-
triphosphate (IP3) and diacylglycerol (DG). Subsequently,
IP3 induces the release of intracellular calcium from the
endoplasmic reticulum and DG activates protein kinase
C (PKC), which ultimately activates extracellular signal-
regulated kinase (ERK),a member of mitogen-activated pro-
tein kinase (MAPK) family, by the activation of Raf. This
activation is supported by a pathway that involves dynamin,
c-Src, and Ras and a pathway that involves calcium-signaling
andpossiblyothersignalingcomponents[12–14].Activation
of MAPK family proteins such as ERK, c-Jun N-terminal
kinase (JNK), p38 MAPK, and ERK5 has been reported to
mediate GnRH-induced gonadotropin subunit expression
[15–19]. The JNK cascade utilizes MKK4/7 to activate tran-
scriptionfactors suchas c-Jun, ATF2,andElk 1[20].The p38
MAPK utilizes many MKK3/6 to activate Elk, AtF2, CHOP,
and MEF [21]. Calcium- and calmodulin-dependent protein
kinase are also activated by GnRH [22, 23]. Interestingly, the
MAPKpathwaysare activatedby thedownstream ofcalmod-
ulin [24]. In addition, GnRH also couples with Gs protein to
increase cAMP accumulation [25]. The signal transduction
systems through GnRH receptor were shown in Figure 1.
3.LβT2Cellsasa Model for
PituitaryGonadotrophs
Diﬀerenttypes of hormone-producing cells exist in the ante-
rior pituitary. Approximately 50% of the adenohypophysis
consist of growth-hormone-producing somatotrophs and
15% are considered to be lactotrophs which produce pro-
lactin. These cell types are acidophilic and are also believed
to be derived from the same origin. Somatolactotrophs,
which produce both growth hormone and prolactin, are
candidate cells for the origin of lactotrophs and exist in a
small population [27]. Corticotrophs, which secrete ACTH,
make up approximately 15–20% and TSH-producing thy-
rotrophsareapproximately5%ofthetotaladenohypophysial
cell populations. Pituitary LH and FSH are secreted from
gonadotrophs, and these cells likely represent up to 10% of
the cell population. Although it is diﬃcult to isolate a single
colony of hormone-secreting cells, clonal strains of pituitary
tumor cells have been widely used as models for the study
of distinct hormone-secreting cell types. Developmentof the
immortalized murine pituitary-gonadotroph-derived cell
model, LβT2, has facilitated the study of signal transduction
pathways activated by the GnRH receptor [28]. This cell line
expresses the gonadotropin α-, LHβ-, and FSHβ-subunits as
well as the GnRH receptor, and they synthesize and release
LH and FSH in response to GnRH stimulation. Studies of
the regulation of pituitary gonadotropin gene expression
have also been performed using αT3-1 cells, a gonadotropin
α-subunit-producing cell line of gonadotroph lineage [28].
Our studies were conducted using LβT2 cells as a model to
determine the cellular response to pulsatile GnRH.
4.ActivationofERKby GnRH(Continuousand
PulsatileCondition)inLβT2Cells
Generally, to study the intracellular signaling using cell cul-
ture, experiments were conducted in static condition. Cells
were preparedandplatedin theculturedishesandthenstim-
ulated by test reagent followed by an assay of the targets.
As described above, GnRH is released in pulsatile manner
in vivo, which exposes the pituitary gonadotrophs intermit-
tently to GnRH. We examined the pattern of ERK activation
induced by GnRH in static or perifused pulsatile conditions
in LβT2 cells. In static GnRH stimulation (under which
GnRH was added directly to the cell culture dish before
harvesting), ERK activation was signiﬁcantly increased after
10min of GnRH stimulation andt h ei n c r e a s e dE R Kp h o s -
phorylation was sustained and gradually decreased to the
basal level within 4–20h [29, 30]. When cells were exposed
tocontinuousGnRHfor similar time intervalsin aperifused,
not static, condition, ERK phosphorylation was increased to
a similar degree with maximal peak as in static culture; how-
ever, the ERK activation was more sustained and remained
increased [29]. On the other hand, the ERK activation in
response to pulsatile GnRH in perifused gonadotrophs was
totally diﬀerent compared to those observed in response
to continuous GnRH. After a pulse of GnRH, ERK phos-
phorylation were rapidly increased, but was not sustained,
returning to baseline levels within 60min [29]. A similar
pattern of ERK activation was observed in subsequent pulse
of GnRH. Interestingly, the pattern of ERK phosphorylation
in response to pulsatile GnRH administered at high and
low frequencies were distinct. After exposures to pulsatile
GnRH at high frequency (one pulse every 30min), ERK
phosphorylationincreasedtoamaximumlevelat10minand
then rapidly decreased, returning to baseline levels within
20–30min. A similar pattern of ERK phosphorylation was
observed following the next pulse of GnRH. The pattern of
ERK phosphorylation in response to pulsatile GnRH at low
frequency (one pulse every 2h) was contrastingly diﬀerent.
B yas i n g l eG n R Hp u l s ea tl o w e rf r e q u e n c y ,E R Kw a sm o r e
rapidly phosphorylated, reaching a maximum level by 5min
after the pulse and remaining elevated until 20min time
pointandthenslowlydecreasing,returningtothebasallevels
by40–50min.InlightofthepatternofERKphosphorylation
during pulsatile treatment, we could speculate that ERK is
activated in response to GnRH occupation of its receptorJournal of Signal Transduction 3
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Figure 1: Schematic summary of intracellular signaling by GnRH. The initial phase of GnRH action involves Gq-protein-mediated stimu-
lation of phospholipase Cβ (PLCβ), leading to the formationof 1,4,5-triphosphate (IP3) and diacylglycerol (DG). IP3 induces the release of
intracellular calcium from endoplasmicreticulum, and DG activates protein kinase C (PKC), which ultimately activates extracellular signal-
regulated kinase (ERK). P38 MAPK, c-Jun N-terminal kinase (JNK), and calcium-calmodulin kinase II (CaMK II) are also activated by
GnRH. Notpredominant,but GnRH alsocouples to Gsprotein which are linkedwith adenylate cyclaseandinduces rapidcAMPproduction,
which ultimately activates protein kinase A (PKA). MAP kinase phosphatase1/2 (MKP1/2) inactivates ERK by dephosphorylation.
and this receptor signaling is not prolonged. It is likely that
GnRHbindingtoitsreceptorhasonlytransient eﬀectsonthe
downstreamsignalingevents,whichresultintheunsustained
ERKphosphorylation in pulsatile condition compared to the
sustained pattern after continuous stimulation. In addition,
the pattern of ERK phosphorylation in response to low and
high GnRH pulse frequencies was distinct from each other,
suggesting the role of the ERK dephosphorylation enzyme
that works diﬀerently in each condition (Figure 2).
5.InductionofMAP KinasePhosphatase 1by
GnRHStimulation(ContinuousandPulsatile
Condition)inLβT2Cells
MAP kinase phosphatases (MKPs) are a family of protein
phosphatases that inactivated MAPKs through dephospho-
rylation of threonine and/or tyrosine residues. MKP1 be-
longs to a group comprised of type I dual-speciﬁcity phos-
phatases (DUSPs) that inactivates ERK through dephospho-
rylation [31].MKP1islocalizedinthenuclearcompartment,
and the activation of ERK cascade is also known to promote
induction of MKP1 activity, which then attenuates ERK-
dependent events [32]. Therefore, MKP1 is thought to play
an important role in the feedback control of ERK in the
nucleus, where it attenuates the stimuli [33]. MKP1 eﬀec-
tively inactivates p38 MAPK and JNK [34]. With regard to
the pituitary gonadotrophs, MKPs are increased in associa-
tion with ERK and JNK [35, 36]. The potential feedback of
regulation between MAPK signaling and MKPs with GnRH
signaling pathways is also evident in gonadotrophs. In LβT2
cell, the induction of MKP1 occurred 60min after GnRH
stimulation and continued to be expressed in static culture,
with a concomitant decrease of ERK phosphorylation [30].
MKP1 induction also occurred by pulsatile GnRH, but the
expression patterns following high or low frequencies of
GnRH pulse stimulation are distinct.
In LβT2 cells, after 16h of exposure to GnRH pulse,
MKP1 expression was increased predominantly following
high- (5min GnRH pulse, every 30min) rather than low-
frequency (every 120min) GnRH pulse stimulation. Under
the high-frequency GnRH pulse stimulation, MKP1 protein
expression was observed clearly at 2h after the start of
pulse stimulation (four GnRH pulses) (Figure 3). Evenwhen
greater concentration (100nM GnRH) was applied for each
pulse in low-frequency GnRH stimulation, MKP1 protein
was not observed after the cells received 4 GnRH pulses
[26]. These results suggest that the number of pulse and
the high frequency with which they were delivered are more
important than the GnRH concentration in terms of MKP1
expression induction. As described in the previous section,
ERK phosphorylation occurs more rapidly, is sustained for a
longer time period, and decreases more slowly in lower fre-
quencyof GnRH pulse, whereas, with high-frequency GnRH4 Journal of Signal Transduction
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Figure 2: Schematic pattern of ERK activation by perifused GnRH stimulation. (a) When cells were exposed to continuous GnRH in
perifused conditions, ERK activation was signiﬁcantly increased, after 10min, and increased ERK phosphorylation was sustained and
gradually decreased to the basal. (b) At high frequency of GnRH pulse stimulation (one pulse very 30min), ERK phosphorylation increased
to a maximum at 10min, and then levels rapidly decreased to bas line levels within 30min. A similar pattern of ERK phosphorylation was
observed in response to subsequent pulse of GnRH. (c) At a slower frequency of GnRH pulse stimulation (one pulse every 2h), ERK was
morerapidlyphosphorylatedby GnRH pulse,andincreasewasmoresustained,remainingelevated, andthenslowlydecreased tothebaseline
levels. A similar pattern of ERK phosphorylation was observed in response to subsequent pulse of GnRH.
pulses, ERK phosphorylation induced by each single pulse
returns to the basal level more rapidly. Another study has
also shown the roleofMKP1 feedbackactivity in modulating
ERK activation and transcriptional response to GnRH [37].
These diﬀerences in the pattern of ERK phosphorylation
betweenthevariousGnRHpulsestimulationsmightbeasso-
ciated with the diﬀerential regulation of MKP1 expression
by pulsatile GnRH stimulation. A study by Armstrong et al.
showed that the MKP had no or little eﬀect on the rapid
and transient translocation responses of ERK within nuclear
level in HeLa cells, which argues against the role of MKPs
orERK-mediatedfeedbackinshaping ERKactivationduring
pulsatile GnRH stimulation [38].
6.ERKActivationand Gene Expressionof
GonadotropinSubunits
The involvement of ERK pathways in GnRH-induced gona-
dotropin α-subunit [19, 39, 40], LHβ [16, 41, 42], and FSHβ
[43] gene expressions in pituitary cells has been described in
previousreports. Indeed,inhibitionofERKphosphorylation
by a speciﬁc inhibitor prevented both LHβ and FSHβ
subunit expressions dose dependently in LβT2 cells [30].
Overexpression of MEKK, an upstream activator of ERK,
increased gonadotropin promoters without GnRH stimula-
tion [44]. In addition, overexpression of MKPs downreg-
ulated gonadotropin promoter expression in gonadotroph
cell line [30, 39]. These observations suggested that ERK
pathwaysarestrongly involvedin gonadotropinsubunitgene
expressions.
The pattern of ERK activation and the induction pattern
of MKP1 protein were distinct in gonadotrophs stimulated
by diﬀerent frequencies of GnRH pulse. At present, we have
not found an exact evidenceon how these diﬀerencesin ERK
activationand inductionofMKP1contributetothediﬀeren-
tial regulation of gonadotropin LHβ and FSHβ subunit gene
expressions. Previously, Haisenleder et al. have reported that
GnRH-stimulated FSHβ gene expression in rat pituitary, as
well as α-subunit and GnRH receptor, was MAPK pathway
dependent, while the LHβ gene relied on diﬀerent intra-
cellular pathways [45]. Based on these observations, we
could speculate that MKP1 expression induced after high-
frequency GnRH pulse might prevent FSHβ transcription
via decreased ERK activity and would aﬀect LHβ to a lesser
extent. On the other hand, however, other studies have
suggestedthatMAPKpathwaymightplayaroleintheGnRH
regulation of LHβ expression [46], as the transcription of
LHβ was aﬀected to a greater extent than that of FSHβ when
ERK was inhibited [30].
7.Conclusion
High-frequency GnRH pulse signal from the hypothalamus
stimulates the gonadotrophs to predominantly produce LHβ
subunit, whereas low-frequency GnRH pulse signal prefer-
entially produces FSHβ subunit. Herein, we have describedJournal of Signal Transduction 5
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Figure 3: Induction of MKP1 by high frequency of GnRH pulse stimulation. (a) LbT2 cells were stimulated with vehicle (control) or
pulsatile GnRH (10nM, 5min pulse ﬂow per each pulse) at a frequency of one pulse every 30min (high) or one pulse every 2h (low). After
16h stimulation, MKP1 protein expression was determined by Western blotting. MKP1 expression was increased predominantly following
highratherthanlow-frequencyGnRH pulsestimulation.(b)TimecourseofMKP1expressionfollowinghigh-frequency GnRHpulse.Under
the high frequency GnRH pulse stimulation, MKP1 protein expression was observed clearly at 2h after the start of pulse stimulation (four
GnRH pulses). ∗∗P<0.01 versus control [26].
the possible contribution of MAPK pathways in this regula-
tion. There are several potential mechanisms for diﬀerential
regulation of the gonadotropins LH and FSHgene. Signaling
pathways stimulated by diﬀerent frequencies of GnRH pulse
may induce transcription factor or coactivator synthesis,
cause posttranslational modiﬁcations of transcription fac-
tors, or modify the chromatin to allow transcription factors
to bind, as described in a previous review [47]. In addition,
other factors such as activin, follistatin, and PACAP should
be considered in order to understand the mechanisms
responsible for the diﬀerential regulation of LHβ and FSHβ
by pulsatile GnRH [48–53].
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